Maca, Lepidium meyenii WALP. (Cruciferae), a plant only found on the high plateaus (3800-4800 m) of the Puna region in Peru is one of the oldest crops of the Andeans.
The native Indians used Maca to treat a number of conditions such as anemia, tuberculosis, sterility and fatigue. 7) Currently, dietary supplements containing L. meyenii (often referred as "Ginseng of the Andes") are available throughout the United States and South America, with claims of anabolic effects as well as increased stamina and fertility; data from several pharmacological studies confirmed the latter indication. [7] [8] [9] Earlier chemical investigations of Maca led to the isolation of characteristic macaenes and macamides (polyunsaturated fatty acids and their amides), along with other fatty acids (such as linolenic acid (3) and linoleic acid (4)), sterols and benzyl isothiocyanate. 9, 10) We recently reported the isolation of two new macamides (2, 5) and a novel macaene (1) , together with the N-hydroxypyridine derivative macaridine. 11) Even though the biologically active principles of Maca are not fully known, extracts rich in macamides and macaenes showed promising pharmacological activity. 9) These compounds are therefore used as quality markers (some products are standardized for their content), but surprisingly no analytical method for their determination in Maca (plant material or extract) has been reported. This paper thus describes the first HPLC method suitable for the qualitative and quantitative determination of the main macamides and macaenes in L. meyenii, and combined with results of a market study, the status of Maca preparations in the U.S.A. is discussed.
Results
In the nonpolar region of L. meyenii methanolic extracts 5 dominating signals were observed (Fig. 2) . Compounds 3-5 are detectable at 210 nm, whereas a wavelength of 280 nm is more suitable for a sensitive monitoring of 1 and 2. Peaks 1, 2 and 5 were isolated and identified as macamides and macaenes, compounds recently reported by our group.
11)
Peaks 3 and 4 were identified as linolenic acid and linoleic acid, respectively (for structures see Fig. 1 ).
The compounds of interest show a wide polarity range, an unspecific UV spectrum (3) (4) (5) and usually tend to co-elute with compounds of similar polarity (especially 1, 2). Initial screening experiments showed that an acidic mobile phase enhances peak shape and separation, whereas raised tempera-ture facilitates separation in a reduced run time. The use of small particle size C-12 column material (Synergi MAX-RP) was advantageous over C-8 or C-18 materials (Luna C-8, Luna C-18, Hypersil C18, Discovery C18) in regard to resolution and peak symmetry. Acetonitrile was preferred over methanol as mobile phase as its use resulted in an improved separation as well as a significantly reduced column backpressure. The use of a buffer or the addition of modifiers like tetrahydrofuran (THF) or methyl tert-butyl ether (MBE) was not advantageous.
Several analytical and statistical parameters showed our systems compliance with the requirements for a validated method. The detector response was linear over the tested concentration range (2.1 to 500.0 mg/ml for 1, 2 and 5; 6.2 to 1500.0 mg/ml for 3 and 4), with correlation coefficients higher than 0.999 for all quantified compounds ( Table 1) . The markers 1, 2 and 5 had a detection limit of 0.40 mg/ml or lower, while the one of 3 and 4 was slightly higher with 1.13 and 2.02 mg/ml. Peak purity was confirmed by studying the photodiode array (PDA) data of all peaks of interest; no indications for impurities could be found. All samples were injected in triplicate, and the resulting standard deviations of max. 2.15% indicated the precision of the method. Intra-and inter-day variation of the assay was determined on 3 consecutive days with 5 repetitions each. All results were consistent with relative standard deviations lower than 1.7% ( Table 2) . Accuracy of the method was verified by spiking one sample (NPC-LM-8) with a known amount of standard compounds and calculating the recovery based on the theoretical amount. Column: Synergi MAX-RP 80 Å, 4 mm particle size, 150ϫ4.6 mm; mobile phase: water ϩ0.025% TFA (A), acetonitrile ϩ0.025% TFA (B), from 45A/55B to 5A/95B in 35 min; flow rate: 1.0 ml/min; detection: 210 and 280 nm; injected sample volume: 10 ml; temperature: 40°C. y Reflects peak area, X the amount in mg/ml, correlation coefficient (R 2 ) and limit of detection (LOD) in mg/ml. The resulting recovery rates were between 97.11 (2) and 102.56% (1); these data also confirms the integrity of the extraction procedure, e.g. the sample filtration. The efficiency of our extraction procedure with methanol was studied in a separate experiment. One gram of sample NPC-LM-8 was extracted five times with 3 ml of methanol, and each of the extracts was analyzed separately. Compounds 1-5 were detectable up to the fourth extraction. A minimum of 96.3% (1) of each standard compound was already in solution after a 3-fold repetition, thus the extraction procedure was considered to be exhaustive.
Nine commercial Maca preparations were analyzed, and compounds 1-5 were consistently assignable (Table 3) . Compounds 3 and 4 are not typical markers for this species, but being main compounds and indicators for the nutritional value of the material, were quantified as well. The dominating macamides and macaenes were either 1 (0.09 to 0.45%) or 5 (0.05 to 0.46%); macamide 2 was only present in minor amounts (0.01 to 0.06%). The total of the three markers in the products varied from 0.15% in sample NPC-LM-6 to 0.84% in NPC-LM-3. The ratio of linolenic acid to linoleic acid showed variations from 1 : 2.0 (NPC-LM-7) to 1 : 10.6 (NPC-LM-1), the highest content of linoleic acid was found in sample NPC-LM-1 (0.99%).
Discussion
Since L. meyenii is increasingly becoming popular as a dietary supplement in the western world, methods for the standardization of this plant are in demand. These products have no regulatory standard in the U.S.A., thus their analysis is essential to ensure safety and efficacy for the consumer. Furthermore, analytical methods like these might also serve agricultural purposes in order to produce higher yielding crops. The method presented in this paper allows the first accurate determination of the main quality markers in Maca. By optimizing extraction and separation conditions, a reliable, reproducible and accurate methodology was obtained, which fulfills the requirements of a validated method. A study of commercial Maca products revealed remarkable quantitative variations, resulting in nearly 10 fold differences in the daily uptake of the total marker compounds. One product (NPC-LM-3) claimed the use of a standardized plant extract (0.6% macamides and macaenes). Our results confirmed this statement, as 0.84% of the marker compounds was found.
Experimental
Materials Authenticated plant material (L. meyenii, dried hypocotyl) for the isolation of the standard compounds was purchased in February 1999 in Lima/Peru, and supplied by Chromadex (Irvine, CA, U.S.A.).
11) The dietary supplements analyzed in this study (NPC-LM-1 to NPC-LM-9) were purchased from Mississippi and California Supermarkets in 2001. Voucher specimens of all samples are deposited at the NCNPR.
Standard compounds 1, 2 and 5 were isolated in our laboratories by column chromatography and HPLC; identity and purity of each compound were confirmed by chromatographic (TLC, HPLC) and spectroscopic methods (IR, 1D-and 2D-NMR, high resolution electrospray ionization mass spectroscopy (HR-ESI-MS)). Reference compounds 3 (linolenic acid) and 4 (linoleic acid) were purchased from Aldrich (Milwaukee, WI, U.S.A.).
Solvents (water, acetonitrile and methanol) were of HPLC grade and purchased from Fisher Scientific (Fair Lawn, NJ, U.S.A.); trifluoroacetic acid was bought from Sigma (St. Louis, MO, U.S.A.).
Sample Preparation A 1.00 g portion of the plant material or commercial product (capsules and tablets containing root powder or extract) was extracted three times with 3 ml of methanol by sonication for 10 min. After centrifugation at 3000 rpm for 10 min, the supernatants were combined in a 10 ml volumetric flask and adjusted to the final volume with methanol. Prior to use, all samples were filtered through a 0.45 mm Acrodisc syringe filter from Gelman (Ann Arbor, MI, U.S.A.). Every sample solution was injected in triplicate; relative standard deviations were below 2.2% for all experiments.
Calibration 5.0 mg of compound 1, 2 and 5, and 15.0 mg of 3 and 4 were dissolved in 10.0 ml methanol (stock standard solution); further calibration levels were prepared by serial dilution with methanol. The range of concentrations injected varied from to 2.1 to 500.0 mg/ml (1, 2 and 5) and 6.2 to 1500.0 mg/ml (3, 4), respectively. All six calibration levels were injected in triplicate. The calibration data ( Table 1) indicates linearity of the detector response in the range mentioned above. Standard solutions were stored in darkness at 4°C and remained stable for at least 2 months (verified by re-assaying the standard solutions).
Accuracy For recovery experiments, 1.00 g of sample NPC-LM-8 was spiked with 100.0 ml of the stock standard solution. The sample was extracted by the above procedure, and the obtained recovery rates were 102.56% (1), 97.11% (2), 100.02% (3), 100.37% (4) and 99.28% (5) .
Repeatability Intra-and inter-day assay precision was determined by analyzing 5 individual samples of one specimen (sample NPC-LM-8) on 3 consecutive days. The samples were extracted and assayed under optimized conditions; for results see Table 2 .
Analytical Method HPLC experiments were performed on a Waters Alliance 2690 HPLC system, equipped with a 996 photodiode array detector (Waters, Milford, MA, U.S.A.). For all separations a Synergi MAX-RP 80 Å column (150ϫ4.6 mm, 4 mm particle size) from Phenomenex (Torrance, CA, U.S.A.) was used. The mobile phase consisted of water (A) and acetonitrile (B), both containing 0.025% trifluoroacetic acid (TFA). Separations were performed by linear gradient elution from 45A/55B to 5A/95B over a period of 35 min. The flow rate was adjusted to 1.0 ml/min, with detection wavelengths of 210 nm and 280 nm, respectively. The column oven was set to 40°C and 10 ml of sample was injected. Peaks were assigned by spiking the samples with standard compounds, and comparison of the UV-spectra and retention times. All data was recorded and processed by Millennium 32 software from Waters.
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